Remineralization of organic matter by heterotrophic organisms regulates the biological 1 sequestration of carbon, thereby mediating atmospheric CO 2 . While surface nutrient supply impacts 2 the elemental ratios of primary production, stoichiometric control by remineralization remains 3 unclear. Here we develop a mechanistic description of remineralization and its stoichiometry in 4 a marine microbial ecosystem model. The model simulates the observed elemental plasticity of 5 phytoplankton and the relatively constant, lower C:N of heterotrophic biomass. In addition, the 6 model captures the observed decreases in DOC:DON and the C:N remineralization ratio with depth 7 for more labile substrates, which are driven by a switch in the dominant source of labile DOM 8 from phytoplankton to heterotrophic biomass. Only a model version with targeted remineralization 9
resolving the stoichiometry of the consumption of organic substrates by heterotrophic prokaryotes. A suitably
(1) 114 where X i (cells L −1 ) is the cell abundance of each population that changes with growth rate µ i (t −1 ), loss 115 rate L i (t −1 ), and physical transport. We then account for the biomass B i,j (mol L −1 ) associated with each 116 element j (where j is C, N, or P), as
(2) 118 where V i,j (mol cell −1 t −1 ) is the total uptake of each element, and E i,j (mol cell −1 t −1 ) is excretion. Biomass 119 and abundance are related by the cell quota of each element Q (mol cell −1 ) as B i,j = X i Q i,j . The limiting 120 cell quota controls the growth rate relative to the minimum cell quota Q min j (mol cell −1 ) of element j as:
Here, we assume identical minimum quotas for each element for all populations of phytoplankton and 123 heterotrophs. Assigned ratios of the minimum quotas for each element (R bio CN = Q min C : Q min N = 5 and 124 R bio N P = Q min N : Q min P = 16) set the 'core' biomass stoichiometry. 125 Total uptake V i,j is the summed uptake of one or more substrates containing element j (such as DON and 126 NH + 4 for total N uptake). For each substrate S (mol L −1 ), we describe uptake V S (mol cell −1 t −1 ) with a 127 Michaelis-Menten form as: (Table 2) where γ (t −1 ) regulates the rate of excretion of excess element, and where y max is a maximum yield of each 139 element (mol biomass per mol uptake) that corresponds to the minimum portion of substrate taken up by the 140 cell that must be used for respiration for energy. The parameter γ thus controls the degree of 'leakiness' of 141 the cells. Here, we resolve heterotrophic excretion of nutrients in inorganic form, though the model could be 142 extended to investigate succession dynamics by resolving the excretion of organic intermediates by different 143 populations.
144
For heterotrophs, we assume that y max = 1 for N and P, and that y max < 1 for C, since organic carbon serves 145 as the electron donor for respiration. For the water column model, we assign y max C = 0.2 in accordance 146 with an estimate of the portion of organic carbon consumed that must be respired for energy to fuel biomass 147 synthesis using published marine values (Robinson and Williams 2005) (Table 1) . For phytoplankton, we 148 assume all energy is acquired from photons and thus that y max = 1 for all elements (i.e., we resolve net 149 primary production). Phytoplankton growth is additionally limited by light availability. An analysis of model We discretize DOM into 25 classes meant to represent a diversity of organic compounds that are consumed 167 at similar rates. Each class is associated with a specific maximum rate of uptake V maxsp that varies from 168 0.01 d −1 to 100 d −1 (Fig. 3 ). V maxsp represents the integrated impact of multiple cellular processes. Since 
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Here, we assume that the aggregated impact of these stochastic processes governing remineralization yields a 186 lognormal distribution of the production of the 25 DOM classes. Thus, the majority of DOM produced is 187 associated with a mean rate while much smaller amounts are associated with the fastest and slowest rates 188 ( Fig. 3 ). This assumed distribution aims to capture the predicted end-state of remineralization dynamics, and 189 so we do not explicitly resolve many underlying processes such as the transformations of DOM between the for excess C fixation, and subsequent DOC excretion for "leaky" phytoplankton cells, when DIN (or DIP) limits growth. 211 We allow heterotrophs to take up DIN (or DIP) when the uptake ratio of organic C:N (or C:P) exceeds Since DOM is composed of a heterogeneous mix of organic molecules, many microscale processes govern 217 its uptake and modification by the heterotrophic community. Given this complexity, we consider that two or fragments of compounds, then the C:N of uptake will be lower than that of the DOM itself, constituting 236 preferential remineralization.
237
The above controls are not mutually exclusive and, most likely, co-occur to produce the observed patterns.
However, to robustly test the proposed mechanisms, we construct three 'end-member' models for the uptake 239 of DOC and DON: 1. (Model A) uptake stoichiometry matches that of the available organic substrate, 2.
240
(Model B) uptake stoichiometry matches that of the available organic substrate, with DON on average more 241 labile than DOC, and 3. (Model C) uptake stoichiometry matches that of the available organic substrate when 242 its concentration limits growth, but is regulated biologically to match a preferred uptake ratio when growth is 243 limited by the consumption rate of the substrate. 244 We do not consider two other possible models because they result in unrealistic solutions. First, the stoi- preferential uptake of C may indeed characterize the uptake of labile carbon substrates such as glucose. As 253 described below, Model C accounts for this latter case by assuming that uptake stoichiometry increasingly 254 matches availability as substrates are depleted, allowing for high C:N of uptake for labile substrates.
255
For models A, B, and C, we describe the uptake of each class of DOC with a saturating (Michaelis-Menten) 256 form, in terms of a half-saturation constant k DOC and a maximum uptake rate V max DOC (mol C cell −1 d −1 ).
257
This cellular maximum uptake rate can be decomposed as:
For model versions A, B, and C, the uptake parameters for DON (and DOP, analogously) are defined below 260 ( Fig. 2b) :
261
Model A: Uptake stoichiometry matches the stoichiometry of available DOM. For the first end-member, the 262 parameters for uptake of DON are related to those of DOC as: where R env CN = [DOC] [DON ] . With this parameterization, the ratio of uptake matches the ratio of the ambient 267 DOM pool. The stoichiometry of uptake therefore adjusts dynamically to changes in the DOM stoichiometry 268 (driven by supply stoichiometry), and the consumption of DOM by heterotrophs has no influence on the 269 stoichiometry of DOM (Fig. 2b) .
270
Model B: Uptake stoichiometry reflects DOC:DON lability. In this end-member, we assume that DON has an 271 inherent higher lability than DOC. This model represents differences in the C:N of DOM at production, rather 272 than at consumption, as a function of lability. We represent this higher lability simply by assigning a higher 273 lognormal mean of the distribution of DON compared to DOC (Fig. 3) , i.e., we impose this difference in 274 lability during DON formation. Thus, as DOM is supplied from biomass mortality, more DON is partitioned 275 into the classes associated with faster uptake kinetics. As a consequence, the C:N of more recalcitrant 276 substrates is initially higher, and the C:N of more labile substrates is initially lower (Fig. 3) . To isolate the 277 impact of this, we assume that uptake matches DOM stoichiometry as in Model A, and so uptake itself does 278 not impact the DOM stoichiometry.
279
Model C: Uptake stoichiometry of accumulated substrates matches biological demand. For this end-member, uptake stoichiometry reflects a biologically regulated ratio of demand. Here, we assume that this biologically regulated ratio is R bio CN , and we relate the uptake kinetic parameters with this ratio as:
Unlike Models A and B, this parameterization results in uptake stoichiometry that differs from ambient DOM 280 stoichiometry, and varies as a function of DOM concentrations. Specifically, uptake stoichiometry matches 281 that of external organic matter stoichiometry when concentrations are low, and converges to R bio CN when 282 organic matter concentrations are high relative to half-saturation concentrations (Fig. 2b) . In the water column, 283 if the accumulation of organic substrates inversely correlates with their lability, then this parameterization 284 allows for labile DOC uptake to reach high C:N uptake ratios, while recalcitrant DOC is discriminated against 285 relative to DON consumption. may also consume the more labile substrates, at the expensive of a lower maximum growth rate (Figs. S12 307 and S13).
308
Losses to grazing and viral lysis are represented with a quadratic mortality term as L i,j = m q B i,j , where m q 309 is a quadratic mortality parameter, identical for all populations. Both POM and DOM are produced from the losses of all biomasses, and partitioned according to parameter f mort . DOM is additionally produced from 311 POM via a 'sloppy grazing' that represents the amount of organic molecules that escape uptake following 312 extracellular hydrolysis, for which a specified amount of DOM is transformed from POM per mole POM 313 consumed, according to parameter α. DOM production is partitioned among the 25 pools following the 314 distribution in Fig. 3 .
315
To give the water column its physical structure, a mixed layer is simulated with a vertical diffusion coefficient, 316 which attenuates with depth to a minimum that represents eddy-driven vertical mixing in the thermocline 317 (Supporting Text S2, We explored the sensitivity of ecosystem model to confirm that plausible variations in the parameter values 322 (listed in Table 1 and Table S2 ) do not affect solutions qualitatively (Figs. S3-S11). Results were consistent 323 across all parameters. In addition, results were also robust across the different ecosystem configurations of 324 DOM consumption by heterotrophic biomass pools as long as two conditions are met: that some pools of or-325 ganic matter accumulate throughout the water column, and that some pools are depleted to low concentrations. 326 We found that all configurations met these conditions, if populations consuming multiple substrates were 327 penalized, and thus gave qualitatively similar solutions except for one: the configuration with one 'generalist' 328 population that could consume all of the pools was able to draw down even the most recalcitrant pools to very 329 low concentrations at depth. For clarity, we illustrate the model solution with the "specialist" configuration 330 below, and illustrate the alternative ecosystem configurations in the Supporting Information (Figs. S12 and 331 S13).
332
For simplification, we explain and illustrate only the C:N of the solutions in the main text, since the resulting 333 C:P relationships are analogous to those of C:N (see Fig. S2 for the C:P and N:P of the solutions). Though 334 aspects of the resulting N:P of the solutions are plausible, we do not study them here since other processes 335 that we do not explicitly represent must be considered for a robust interpretation of those dynamics (e.g. fills the subsurface with inorganic nutrients (Fig. 4a ). Heterotrophic biomass is highest near the surface where 344 production of organic matter is largest (Fig. 4a,c,e ). Before presenting specific water column results, we note that in Supporting Text S1 we demonstrate the All versions of the model reproduce two general patterns in DOM concentrations (Fig. 4b,d ). First, the 356 modeled concentrations of the more labile DOM classes (the red and purple lines in Fig. 4b,d ) are low 
Controls on heterotrophic biomass 375
Vertical profiles of the 25 heterotrophic biomass 'clades' are distinct from the profiles of the DOM class 376 that each consumes (Fig. 4c,e ). At the surface, the most abundant heterotrophic clades consume the classes 377 of DOM with the highest rate of supply (the purple lines in Fig. 4c ). The clades consuming the most labile 378 substrates are lower in abundance (the red lines) because less of these substrates are produced. Thus supply 379 exerts a strong control on the amount of biomass sustained on labile substrates.
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In contrast, at depth, overall biomass is lower, and the majority of biomass is associated with the least labile 381 substrates. These low biomass values, despite abundant resources, can be explained by both top down control 382 (grazing or lysis) and limitation by maximum consumption rate (V max ).
383
We aggregate these multiple controls into an approximation of the steady state concentration of biomass We plot B * Conc and B * Vmax against the modeled biomasses in Fig. 5b (black lines) . The concentration-limited 394 contour (dashed black line) matches the modeled biomasses associated with the most labile substrates, and 395 decreases as V max increases. In contrast, the V max -limited contour (solid black line) matches the biomasses 396 associated with the more recalcitrant DOM classes, and increases with V max . In summary, the model suggests that when a population is limited by the concentration of a substrate, the amount of biomass sustained is Fig. 6m,n) , and are associated with the strongest degree of preferential remineralization (Fig. 6o ). The 
